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論文内容要約 
Micro optical scanners based on microelectromechanical systems (MEMS) technology are promising components due to its small 
size, high-speed operation and low production cost compared with the conventional scan modulus such as galvano scanner and 
polygon mirror. Among various applications of the micro scanner, endoscopic optical coherence tomography (E-OCT), which is a 
biomedical cross-sectional imaging method, is widely researched aiming for miniaturizing and simplifying the probing system for 
in-vivo imaging of hollow organs. Another application intensively studied is laser scanning display, including automotive head-up 
displays, head-worn displays and pico-projector. For the micro scanner used in these applications, wide scan angle, large mirror 
aperture and small chip size are commonly required. In order to meet them, the actuator of the scanner with large torque and small 
occupied volume is essential. The actuating mechanisms of the micro scanner are classified into four types; electrostatic, 
electromagnetic, electrothermal, and piezoelectric, and each of them has its own advantages and disadvantages. Among them, 
piezoelectric actuation with thin film lead zirconate titanate (PZT) is a promising candidate because of higher torque per input voltage 
than electrostatic actuators, smaller package size than electromagnetic actuators, and much shorter response time than electrothermal 
actuators. Moreover, the device can be integrated with stress sensors and frequency tuners without any significant change in the 
fabrication process. 
Although several piezoelectric scanners using PZT thin films have been demonstrated for both E-OCT and laser display applications 
so far, further improvement in the optical scan angle is strongly desired for practical use. Enhancement in piezoelectric constants of 
PZT films is one of keys to improve the optical scan angle of the piezoelectric micro scanner, because it is the only way to push up 
actuation torques without any dimensional change in actuators. 






 to PZT improves the piezoelectric constant due to facilitating 
domain wall rearrangement, and it has been widely practiced with bulk materials. For thin film PZT, at the same time, many 
researchers performed donor doping to achieve high performance for the MEMS application. However, to date, no literature has 
successfully demonstrated a doped PZT film with significantly higher piezoelectric constant than conventional non-doped PZT films. 
Moreover, there is no literature reporting the micro scanner using doped PZT thin film with high piezoelectric property. 
In this work, we deposited Nb-doped PZT (PNZT) thin films by Rf magnetron sputtering method, and successfully achieved high 
piezoelectric properties suitable for MEMS actuators. Using obtained PNZT films, piezoelectric micro scanners that meet the 
requirements for E-OCT and laser scanning display were designed and fabricated. We demonstrated the superior scanning properties 
of the fabricated scanners compared to the device with conventional non-doped PZT films. 
In Chapter 2, 12 at% Nb-doped PZT thin films were deposited on stainless steel and silicon substrates using RF-magnetron 
sputtering method with the aim of MEMS applications. The obtained films on both kinds of substrates had dense columnar structure 
and strongly oriented crystal structure. XRD measurement revealed that the dominant crystal orientations of the PNZT films differed 
depending on the kind of substrate, i.e. (001) direction of the tetragonal structure for stainless steel and (100) direction of the 
rhombohedral structure for silicon, respectively. The dependence of the crystal orientations on the substrate can be explained by the 
difference in the direction of the stress applied to the PNZT film during the phase transition after the deposition, resulting from the 
difference in the thermal expansion coefficients of the substrates. P-E hysteresis loops of the films on both kinds of substrates were 
shifted toward positive electric field, indicating the spontaneous polarization. This phenomenon allows us to omit the poling process 
after the deposition, and could be due to the defect dipoles at the PNZT/Ir interface stabilizing the ferroelectric domain with certain 
direction. The PNZT film on stainless steel substrate showed a square-shaped P-E hysteresis loop with a high remnant polarization Pr, 
whereas the film formed on silicon substrate showed a parallelogram-shaped hysteresis loop with a smaller Pr where polarization 
gradually increases to the saturation polarization Pmax. Moreover, the dielectric constants of the films for the stainless steel substrate 
  
were approximately one third of that of the film on the silicon substrate. Such differences in ferroelectric properties are correlated with 
the amount of ferroelectric a-domain and c-domain in the film on each substrate. Resonance measurements of diaphragm structures 
with PNZT films found Young’s modulus of the obtained film to be 49 GPa. Displacement measurements on both diaphragm 
structures resulted in piezoelectric coefficients of d31 = −217 pm/V for stainless steel substrate and d31 = −259 pm/V for silicon 
substrate. These values are more than 1.4 times larger than those of conventional non-doped PZT films, and quite close to that of 
PZT-5H ceramic which is widely used for piezoelectric actuators. These results indicate that the obtained PNZT films are suitable for 
the MEMS sensors and actuators. 
In Chapter 3, resonant 1-D micro scanners actuated with a PNZT thin film were designed and fabricated for E-OCT applications. 
The device size is 3.4 mm × 2.5 mm or less, which is small enough to be installed in a side-imaging probe with an inner diameter of 4 
mm. The scanners were designed to have resonance frequencies less than 125 Hz to obtain OCT images with a resolution of 200 
pixels per frame or higher using a sweptwavelength laser source with a sweep frequency of 50 kHz. For higher sweep frequency 
available in the future, the scanners with higher resonance frequency were also prototyped. The measured resonance frequencies of the 
fabricated scanners ranged from 90.3 to 394 Hz, which agreed well with analytical calculation based on the Euler–Bernulli beams 
theory. All fabricated scanners achieved optical scan angles over 146º with driving voltage less than 1.3 Vpp. Using the scanners, a 
scan length of more than 5 mm can be achieved in a tubular probe with an external diameter of 5 mm by an extremely safe level of 
driving voltage for in vivo uses. Such an actuation performance was enabled by Nb doping in PZT, which made the scan angle more 
than double in comparison with nondoping case. Moreover, it was demonstrated that scanner with PNZT film show high optical scan 
angle without the poling process after the MEMS fabrication, whereas the device with PZT film need the poling to achieve enough 
high scan angles. 
The OCT images of a human fingertip were acquired using the developed micro scanner. OCT images with sizes of 4.6 mm × 3 mm 
and 2.3 mm × 3 mm were obtained by the micro scanner placed 2.5 mm away from the object, and the fine structures in the human 
fingertip were clearly identified. This result suggests that the developed micro scanners are clinically useful for the E-OCT system. At 
present, the performance of the E-OCT system is mainly limited by the swept-wavelength laser source, and a higher frame rate and 
better scan stability are possible by the combination of a higher speed swept source and the micro scanners with scan frequencies as 
high as several hundred Hz. In addition, the PNZT-based-angle sensor was also developed for the feedback control of the micro 
scanner, and the sensitivity as high as 11~14 mVpp deg
−1
 was demonstrated. 
In Chapter 4, a non-resonant 2-D micro scanner actuated by a PNZT thin film was designed and fabricated for E-OCT application. 
The scanner has a gimbal-less structure with a large mirror aperture of 1 mm×1 mm, and the device size is 2.2 mm×2.7 mm which is 
small enough to be installed in a side-imaging probe with an inner diameter of 3.4 mm. The scanner was designed to have resonance 
frequencies greater than 1.37 kHz to achieve good response to triangle drive waveforms used in OCT imaging and high noise stability. 
The unimorph actuator with the PNZT film showed more than twice as large displacement as those with the non-doped PZT film, and 
also had superior linearity in the voltage response especially below 20 Vpp. These attractive properties of the PNZT film might be 
originated from ferroelectric domain motions facilitated by Nb doping. The non-resonant micro scanner with the PNZT actuators 
showed the optical scan angles of 18.6˚ for both scan axes with a drive voltage of 40 Vpp at low frequencies. These drive voltages are 
much lower than those needed for the static drive of electrostatic scanners. The internal energy consumption was less than 2.1 W, 
which was significantly small compared to electrothermal or electromagnetic scanners. It is possible to enlarge the optical scan angle 
2.5 times by reducing the thickness of the Si vibration plate within the acceptable level of the resonance frequency. 
The scanning beam position measurement using a position sensor diode (PSD) revealed that the developed scanner showed good 
drive response to the 25 Hz triangle waves without any frequency filter. Although the operation with 50 Hz sawtooth waves caused 
ripples in the scan trajectory, the ripples were eliminated using a low pass filter removing harmonic components from the drive 
waveforms. The developed scanner is of practical use to achieve distortion-free 3-D OCT images with a frame rate of 50 fps in fast 
scan axis. 
In Chapter 5, resonant 1-D micro scanners actuated by PNZT thin films were designed and fabricated for laser scanning display 
application. Designed scanners had a pair of the PNZT unimorph actuator placed around the 1.2 mm mirror to apply the tilting 
torque to the mirror through the torsion bar. According to the results of the dynamic analysis using 2 DOF vibration model about the 
piezoelectric scanner, in-phase resonance mode, in which the mirror and the actuator move in phase, were selected for the scanning 
motion to achieve enough high mechanical-coupling gain keeping the device size small. The device areas of the scanners were less 
than 2.8 mm×2.9 mm, which was the smallest in the 1-D piezoelectric scanners to support SVGA resolution scanning displays. In 
order to extract high torque from the actuator, the drive electrodes on the PNZT film were electrically divided into two different parts 
according to the direction of the elastic stress induced in the PNZT film during in-phase resonance vibration, and voltage signals with 
opposite phase each other were applied to these two parts of the drive electrode. FEA calculation clarified that the actuator with 
divided electrode according to the stress direction showed 1.9 to 4.0 times higher displacements than those with undivided single 
electrode. 
All fabricated scanners showed optical scan angles of 42.2º~85.2º at resonant frequencies of 23.7 kHz~30.8 kHz in atmospheric 
pressure, and driving voltages to achieve these performances were less than 14 Vpp. These scan performances are enough to support 
SVGA resolution scanned display. The scan performance of the device having the largest maximum optical scan angle is one of the 
highest in the 1-D micro scanner literature in terms of the product of mirror size D (1.2 mm) and optical scan angle  (85.2º), i.e. ･
D=102 (deg.mm). In this device, the internal energy consumption was less than 1.5 mW, which was in the order of one hundredth of 
the electromagnetic scanners. In this work, dynamic deformation of the mirror is not within the scope. Further work will be needed to 
suppress the dynamic deformation into the desired regime i.e. below 10% of the utilized wavelength. 
In conclusion, we can improve the optical scan angle of piezoelectric micro scanner by using a Nb-doped PZT thin film without any 
dimensional changes. The micro scanners with PNZT films can provide wide imaging area for both E-OCT and laser scanning display, 
which can strongly enhance the commercialization of these devices. 
 
